Z. galactanivorans possesses five GH117 enzymes, including the above mentioned ZgAhgA (Zg4663). The GH117 family has been divided into three phylogenetic clades (A, B, and C), ZgAhgA belonging to Clade A (14) . This enzyme adopts a five-bladed β-propeller fold and forms a dimer in solution by swapping of a small N-terminal domain. The activity of this enzyme is also cation-dependent and a unique cation-binding site is found next to the putative catalytic residues. Two other Clade A GH117s have been characterized since then: SdGH117 from Saccharophagus degradans (22) and BpGH117 from Bacteroides plebeius (23) . These two enzymes are also α-1,3-(3,6-anhydro)-Lgalactosidases and form dimers by swapping of the conserved N-terminal domain but also of a C-terminal extension absent in ZgAhgA. The structures of SdGH117 and BpGH117 were solved in complex with a Dgalactose at subsite +1 (22) and neoagarobiose at subsites +1 and -1 (23) , respectively. A site-directed mutagenesis analysis identified the potential catalytic residues, and notably a conserved histidine was proposed to act as a general acid (23) . To date, only clade A enzymes have been structurally and functionally characterized and for the two clade B enzymes little is known. Based on sequence comparison within the active site region of the Clade C enzymes which suggested replacement of bulky hydrophobic amino acids with smaller amino acids such as serine and alanine, Hehemann and coworkers have also proposed that there is an additional -2 subsite within the Clade C enzymes, possibly for accommodating longer oligo-agars (23) .
Besides ZgAhgA, Z. galactanivorans has one Clade B GH117 (Zg185) and three Clade C GH117 enzymes (Zg205, Zg3597 and Zg3615). These proteins are relatively distant from ZgAhgA (35, 37 and 41% sequence identity for Zg205, Zg3597 and Zg3615, respectively), suggesting a potential functional diversity and/or synergy. New phyologenetic analysis reveals that within the Z. galactanivorans previously defined Clade C orthologues (14) there are significant differences between enzymes; this divergence results in Clade C enzymes which might not have the same specificities. With the growth in the genomic sequences available, and the structural and biochemical characterization done on the GH117 enzymes to date, we have new phylogenetic evidence that there are at least 6 clades within this highly unusual family.
In order to investigate the fine differences within the clades we chose to study two of the GH117 (previously defined) Clade C enzymes, Zg3615 (now Clade E) and Zg3597 (now Clade D). The structure of Zg3597 was determined in its native form and Zg3615 was determined in complex with its product, β-3,6-anhydro-L-galactose ( Figure 1 ). This has important implications on the mechanism of catalysis and it is the first time, to the best of our knowledge, that the structure of this unusual sugar has been clearly elucidated.
EXPERIMENTAL PROCEDURES
All materials were obtained from Sigma-Aldrich unless otherwise stated.
Cloning-PCR was used to amplify the gene fragment from Z. galactanivorans genomic DNA encoding the loci for Zg3615 and Zg3597 without their predicted signal peptide. SignaIP 4.1 (24) predicts a secretion signal peptide cleavage site between amino acids 20 and 21 for Zg3615 and between amino acids 24 and 25 for Zg3597. Based on comparison with the structure of ZgAhgA (pdb id 3P2N) (14) and secondary structure predictions, nucleotides 76-1248 corresponding to amino acids 26-416 of the Zg3615 gene, and nucleotides 79-1299 corresponding to amino acids 27-433 of the Zg3597 gene, were cloned into the PFO4 vector which encodes an N-terminal hexahistidine tag (25) Protein production and purification-Plasmids were transformed into competent Escherichia coli strain BL21 (DE3) and grown shaking in 1L LB medium containing 100 µg/mL ampicillin at 37⁰C to an optical density of ~1.0 whereupon the temperature was lowered to 20⁰C for one hour followed by overnight induction of protein production with the addition of IPTG to 0.5 mM. Cells were harvested the following morning by centrifugation at 3000 rpm for 30 minutes. A chemical lysis procedure was used to lyse the cells. Briefly, cells were resuspended in 20 mL of 50 mM Tris pH 8.0 with 25 % sucrose and 10 µg of lysozyme and left stirring at 4⁰C for 20 minutes. Next, 40 mL of 1% deoxycholate, 1% triton X-100, 20 mM Tris pH 7.5 and 100 mM NaCl was added and incubated stirring at 4⁰C for 10 minutes.
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Finally, MgCl 2 was added to 5 mM and 0.1 mg of DNase and the lysis reaction was incubated at room temperature for 20 minutes, until the viscosity decreased. The lysis solution was clarified at 13000 rpm over 45 minutes at 4 ⁰C. Supernatant containing the soluble proteins of interest was run on a 5 mL GE His
Trap HP column. Briefly, using an ÄCTA FPLC, the IMAC column was loaded with 0.45 µM filtered supernatant in Buffer A (20 mM Tris pH 8.0, 100 mM NaCl), washed with Buffer A + 1% Buffer B (20 mM Tris pH 8.0, 100 mM NaCl, and 1M imidazole) and eluted using a gradient of 1%-100% Buffer B.
Fractions containing the protein of interest were pooled and concentrated using an Amicon stir cell concentrator (MWCO 3 kDa). This was followed by size exclusion chromatography on a Superdex S200 column in 20 mM Tris pH 8.0 and 100 mM NaCl. Again, fractions containing the protein of interest were pooled and concentrated using an Amicon stir cell concentrator (MWCO 3 kDa). Proteins were assessed at >95% purity using SDS-PAGE. The concentration was calculated using A280 and the extinction coefficient calculated by ExPASy ProtParam tool (ε 0.1% of 2.1 for Zg3615 and 2.0 for Zg3597). The final concentration for Zg3615 was 18.0 mg/mL and 10.0 mg/mL for Zg3597.
Thin Layer Chromatography, TLC-Enzymatic reactions were performed in 0.5 % oligo-or polysaccharide, 100 mM Tris pH 7.5, 0.1 mM ZnSO 4 , 100 mM NaCl, and 25 mM CaCl 2 and 0.1 µg/µL enzyme. Neoagarooligosaccharides were purified as described previously (20 . All experiments were performed at 16°C on a series of concentrations ranging from 2.0 to 7.9 mg/mL for the heterologously expressed and purified enzyme Zg3597. The scattering vector is defined as q=4p/λ sinθ, where 2θ is the scattering angle. The detector used was a 2D Photon counting Pilatus 1M-W pixel X-ray detector and 10 successive frames of 10 second exposure times were recorded for each sample. Each frame was carefully checked for possible bubble formation or radiation induced aggregation. If such effects were not observed, the individual frames were averaged. A 4.8 mg/ml solution of BSA was measured as a reference and for calibration procedures. Up to five different concentrations of the protein sample were measured to test for consistency and eventually detect and eliminate concentration dependent effects. Background scattering was quantified before and after each protein measurement by measuring the corresponding buffer, which is then subtracted from the protein patterns using the Primus suite (26) .
The radius of gyration, Rg, of each measurement was derived by the Guinier approximation:
Rg 2/3) up to qRg<1.0. The radii of gyration Rg, calculated for the different protein concentrations, displayed no evident concentration dependence. The program GNOM (27) was used to compute the pair-distance distribution functions P(r). This approach gives the maximum dimension of the macromolecule Dmax and offers an alternative calculation of Rg, which is based on the entire scattering curve (see Table 1 ).
The overall shapes of all assemblies were restored from the experimental data by using the ab initio modelling programs GASBOR and DAMMIF (28, 29) . The scattering profiles were used up to qmax=3 nm -1 . Nine low-resolution models obtained from different runs were compared using the program DAMAVER (30) to give an estimate of the reproducibility of the results inferred from the ab initio shape calculation and to construct the average model representing the general structural features of all the reconstruction filtered by DAMFILT. The atomic structures of the individual modules were then positioned into the low resolution envelopes using the program SUPCOMB (31) . For the Zg3597 dimer obtained from the crystal structure the theoretical SAXS profile, the Rg and the corresponding fit (represented by χ 2 values) to the experimental data were calculated using the program CRYSOL (32) . . Diffraction data for Zg3597 were collected on the ID14-4 beamline at the ESRF (European Synchrotron Radiation Facility, Grenoble). The data was processed using MOSFLM (33) and scaled using SCALA (34) . The structures were solved by molecular replacement using the one-to-one threading tool from PHYRE2 (35) to build a model (100% confidence) using monomer A from the RSCB deposited GH117 Zg4663 pdb 3P2N (14) and removing any non-conserved amino acids from the MOLREP (36) input pdb. A library for the co-crystallized sugar was created using ProDrg from the CCP4 suite of programs (37). Data was refined using REFMAC5 (38) from the CCP4 suite of programs. Waters were added using the COOT:FIND WATERS option. Successive rounds of model building and refinement were done using COOT (39) and REFMAC5. All data collection statistics are summarized in Table 2 .
Crystallization-Initial
Ramachandran statistics were calculated using the program Rampage from the CCP4 suite of programs (40) . Zg3597 has been given the pdb id 4U6B and for Zg3615 the pdb id is 4U6D.
Phylogeny-New sequences of GH117 have been identified using BlastP at the Genbank database.
These new sequences have been added to the previous dataset of GH117 sequences (14) and all sequences were aligned using MAFFT with the iterative refinement method and the scoring matrix Blosum62 (41).
The MAFFT alignment of these sequences was manually refined using Bioedit (© Tom Hall), on the basis of the superposition of the five available crystal structures of GH117 (ZgAhgA (Zg4663): PDB code, 3P2N; Zg3597: 4U6B; Zg3615: 4U6D; SdGH117: 3R4Y and BpGH117: 4AK5). This refined alignment allowed calculating model tests and maximum likelihood trees with MEGA version 6.0.6 (42). Tree reliability was tested by bootstrap using 100 resamplings of the dataset. The trees were displayed with MEGA 6.0.6 (42) . Accession numbers of the selected sequence homologues are available in Supplementary Table 1 .
RESULTS
Activity Assays-Two representatives (Zg3615 and Zg3597) from the recently discovered GH117 family of enzymes were chosen for investigation. Zg3615 and Zg3597 activities were tested on agarose and a variety of neoagaro-oligosaccharides. The enzyme activities were also screened in combination with one another and with Zg4663 (ZgAhgA, (14)), in case the activity of one enzyme is dependent on exposing the substrate by another. Zg3615 exo-α-1,3-(3,6-anhydro)-L-galactosidase activity was initially demonstrated using TLC which showed the release of terminal 3,6-anhydro-L-galactose from neoagarotetraose, neoagarohexaose, and neoagarooctaose (not shown). Enzymatic activity was also tested on agarose; however, there was no detectable difference between the enzymatic digested and undigested reactions, consistent with exo-cleavage as there are not sufficient terminal 3,6-anhydro-L-galactose residues for detection by TLC. In order to release detectable levels of 3,6-anhydro-L-galactose the activity of a β-agarase would also be required. Thus, by TLC the activity of Zg3615 is indistinguishable from that of Zg4663. Therefore, FACE was employed to further investigate any potential differences in activity reactions alone or in combination with Zg3597 or Zg4663. In contrast, and though thorough screening of activity of Zg3597 on potential agarose substrates was undertaken, it was not possible to discern activity on any of the oligo-or polysaccharides tested, suggesting a novel and as yet unidentified activity within the family.
Overall homodimer structural features-The X-ray crystal structure of Zg3615 was determined to 1.7 Å resolution and the structure of Zg3597 to 2.3 Å. The globular Zg3615 and Zg3597 GH117 monomers share the 5-fold β-propeller fold with the other members of the family and each β-sheet has 3 or 4 anti-parallel β-strands. The GH117 enzymes form a structural homodimer, previously shown to be mediated by both the N-and the C-terminal domains (SdGH117, BpGH117) or just the N-terminal domain (Zg4663) ( Figure 3 ). The structures of Zg3615 and Zg3597 reveal differences in their N-and the Cterminal domains. Zg3615 has a helix-random coil N-terminal motif (amino acids 28-61) which interacts with its other monomer through multiple surface hydrophobic residues. The N-terminal is in a structurally similar position to the N-terminal helix, followed by a turn, followed by a helix from Zg4663 (amino acids 38-71) and BpGH117 (amino acids . This N-terminal domain is not visible in the Zg3597 crystal structure. Zg3615 has a helix, followed by a turn, followed by a helix (amino acids 386-402) within its Cterminal domain which provides considerable hydrophobic interactions with its partner monomer. This Cterminal domain is not conserved in the sequence of Zg4663 and its C-terminus is reduced to a short loop after the last β-strand, whereas BpGH117 and SdGH117 have a large interacting surface area contributed Å away compared to between 2.7-3.6 Å for the other enzymes).
Soaks were done on the native Zg3615 crystals with neoagarotetraose. Examination into the active sites of the homodimer pair revealed an unusual electron density in monomer A. We first attempted to fit α-3,6-anhydro-L-galactose into the density but our attempts were unsuccessful; however, β-3,6-anhydro-Lgalactose fit the density well in an unconstrained manner ( His306. The change in position of the Zg3597 His306 residue represents a rather large deviation for a proposed catalytic acid. Though an activity has yet to be described for Zg3597, it is reasonably possible that this protein has a divergent specificity/function.
Within the -1 subsite there are several rearrangements of bulky hydrophobic groups which again result in spatial, though not sequential, conservation of amino acid residues. For example, the BpGH117
Phe164 residue is spatially conserved with the Zg3615 Phe183 and Zg3597 Phe201 residues. A water molecule has been modelled in precisely the same site as the metal atoms in the SdGH117 crystal structure. Examination of the F o -F c maps for SdGH117 at this site reveal significant density above 5 sigma
), consistent with the molecule being modelled incorrectly as a water. Furthermore, the distorted octahedral geometry of 6 ligands surrounding a central atom is incompatible with the central atom being a highly coordinated water molecule (43) . Regardless, this metal binding site appears to have some degree of plasticity and is conserved throughout the GH117 structures solved to date.
SAXS-
The solution structure of Zg3597 was determined by small angle X-ray scattering. We used SAXS analyses to address the oligomeric state and conformational plasticity of the Zg3597 enzyme in solution (Figure 7 D) . The slope and intensity at zero angle of the experimental scattering data allowed to
calculate Rg values and estimate the molecular weight in solution ( Table 1 ) that were coherent with the protein taking a non-spherical, bimodular form. Several forms were calculated to fit the experimental curves and compared using DAMAVER. The overall shapes were rather similar, although indicative of variations, as indicated by a mean normalized spatial discrepancy value (NSD) of 1.20±0.01. The best envelopes that fitted the experimental curve (χ 2 = 1.6) are obtained when imposing a 2-fold symmetry for a dimeric form of the enzyme. These data also allowed determination of an Rg of 34.6 Å. Similar values were obtained using several distinct calculation methods ( Table 1) . The distance distribution function P(r) displayed a biphasic pattern, also indicating an elongated shape with a maximum diameter (Dmax) of 100±2 Å (Figure 7 D) . The molecular mass determined from the scattering intensity extrapolated to zero scattering angle indicated a molecular mass (Mw) of approximately 109 kDa (Table 1) , in close agreement with Zg3597 existing as a homodimer in solution, which is also observed by size-exclusion chromatography, DLS and in the crystal structure (data not shown). The Mw determined by SAXS also compares well to the theoretical Mw of a homodimer (~97 kDa), as calculated from the protein sequence.
A theoretical scattering curve of the dimer that exists in the crystal structure of Zg3597 was calculated using CRYSOL. Although the deduced scattering profile from the crystal structure displayed a similar shape as the experimental scattering profile (data not shown) and roughly an Rg value (31.9 Å) in the same order of magnitude as the experimental scattering curve, the χ 2 value of 3.4 describing the fit between experimental and theoretical profiles suggests structural differences between the solution and crystallographic structures. In agreement with this notion, we found that when the crystallographic structure was docked onto the SAXS envelope, an additional volume likely corresponding to the catalytic amino-terminal domains was present in the SAXS envelope ( Figure galactanivorans has evolved a diverse enzymatic system, mainly based on GH16 enzymes including four β-agarases (18, 20) , five β-porphyranases (12) and one -carrageenase (15) . Alongside the GH16 family, Z.
galactanivorans possesses a multigenic family of five GH117 genes, localized in different clusters containing sulfatases and additional carbohydrate-related genes (14) and one could expect a similar functional diversity for this family. The first characterized GH117 enzyme, Zg4663, is an α-1,3-(3,6-anhydro)-L-galactosidase and thus has been named ZgAhgA (14) . In the present work, we have shown that, despite the sequence divergence, Zg3615 has an activity similar to that of Zg4663, at least on unsubstituted agarose oligosaccharides ( Figure 2 ). Therefore, Zg3615 and its corresponding gene will be referred to as ZgAhgB and ahgB, respectively. In contrast, Zg3597 is inactive on oligo-agars. Thus, Zg3597 is different from ZgAhgA and ZgAhgB, although its exact activity remains to be determined. The complexity of the GH117 family is confirmed by our revised phylogenetic tree ( Figure 8 ). While the former Clades B and C initially contained very few sequences (14) , these subfamilies are largely expanded due to the GH117 sequences identified in the numerous genomes of marine bacteria sequenced the last three years. Our phylogenetic analysis has led to the division of the former clade B into a new Clade B and
Clade F, and of the former Clade C into a new Clade C, Clade D and Clade E. ZgAhgB (Zg3615) aligns into the new Clade E and Zg3597 aligns into the new clade D, consistent with the differences in dimerization conformation, active site structure and function. Although Clade E is solidly supported (bootstrap value: 90%), this clade is still quite large and contains two paralogous enzymes from Z.
galactanivorans, Zg3615 (ZgAhgB) and Zg205. Depending on the biochemical characterization of additional Clade E enzymes, this clade may be further divided in the future to reflect the difference in enzymatic specificity.
Implications on catalysis-The GH117 family shares distant sequence similarity with families GH43 and GH32. The first crystal structure, Zg4663, revealed a zinc ion octahedrally coordinated by water molecules located at the bottom of the active site pocket (43) . In solution, the 3,6-anhydrogalactose reducing end exists in its aldehyde and hydrated aldehyde forms and, to date, has not been experimentally demonstrated to undergo mutarotation or to exist in α-or β-anomeric form in solution (49, 50) . If GH117 enzymes were to proceed via a retaining mechanism the product would be an α-sugar, thus, only α-conformers or open chain forms would be expected to be found.
Attempts to model the α-4 C 1 conformer into the active site revealed there are no residues within Hbonding distance to the α-C1 hydroxyl group except for Glu285 which is within 2.0 Å (too close for a hydrogen bond) and at the wrong angle for a hydrogen bond. Sterically, the 4 C 1 α-conformation at this site is unlikely to be tolerated without a significant rearrangement of Glu285, a residue that is spatially conserved in the structures of all the GH117 enzymes. Only the B 1,4 conformation of α-1,3-linked 3,6-anhydro-L-galactose is likely to be accommodated, as seen in the BpGH117 Michaelis complex which is a snapshot right before catalysis (23) . Therefore, the trapped β-3,6-anhydro-L-galactose provides substantial crystallographic evidence supporting a mechanism of stereochemistry inversion at the anomeric centre as has been previously suggested (23) . Zg3597 has a significantly modified active site-There are several possible scenarios that might arise from the divergent Zg3597 active site sub-structure. First, that the substrate is significantly different for this enzyme and thus His306 is shifted to accommodate the substrate. Second, that a substrate stabilized rearrangement occurs upon binding substrate, possibly implicating the N-terminal in dimerization as, for example, observed in the solution structure. Third, it is possible that this protein is a non-catalytic protein such as seen in the "inactivated" GH18 chitin binding proteins (52, 53) . Finally, that the crystal structure of Zg3597 is in a non-native form induced by crystallization, although the SAXS analysis does reveal that the protein exists as a dimer in solution (Figure 7 A) . In our actual working hypothesis we assume that the dimeric form of Zg3597 is the biological active one, and the observed flexibility of the amino-terminal domain in Zg3597 is associated to its catalytic function, but since the natural substrate is not known yet we are not able to verify this assumption. Research Facilities (Grenoble, France) for regular access to X-ray beamlines and to all local contacts for their support during data collection at the MX beamlines ID23-1 and ID29. We also thank the German synchrotron at DESY (Hamburg) for access to the SAXS beamline X33, and especially Clement Blanchet (EMBL-Hamburg) for valuable help during the SAXS data collection. Table 1 . Data evaluation of experimental SAXS curves at different concentrations of Zg3597. Table 2 . X-ray crystallography data collection statistics. B. An omit map was generated by omitting β-3,6-anhydro-L-galactose from the refinement.
FIGURE LEGENDS
The resulting maps are maximumlikelihood/σ A (55)-weighted 2F obs -F calc contoured at 2σ (blue) and F obs -F calc contoured at 3σ (green) (0.72 and 0.19 electrons/Å 3 , respectively). Envelopes and resulting curves from small angle X-ray scattering. A. Envelope obtained by GASBOR (best fit χ 2 =1.6) using the scattering curve at 4.78 mg/ml. The marked angle of 100° (calculated as a dihedral angle) above the shape is a rough estimate of the relative orientation of the 2 catalytic pockets. B. Superimposition of the Zg3597 homodimer from the crystal structure onto the same SAXS envelope as in A (the orientation is roughly turned by 90°). C. Surface (transparent) and cartoon representation of the dimer of Zg3597 as determined by the crystal structure. The marked angle of 130° (calculated as a dihedral angle; shown below the shape) is a rough estimate of the relative orientation of the 2 catalytic pockets. In panels B and C the two-fold symmetry axis of the shapes lies in the plane (vertical), and out of the plane in panel A. D. Experimental scattering curve of Zg3597 in solution at 4.78 mg/ml (blue crosses) and best fit obtained by the ab initio shape calculation from GASBOR (red line). Inset: P(r) function of the experimental scattering curve at 4.78 mg/ml. C 1 β-3,6-anhydro-L-galactose from the ZgAhgB (Zg3615) pdb 4U6D. Here the putative catalytic general base is shown hydrogen bonded to the β-hydroxyl group, in the same position as the ordered water from the BpGH117 structure.
Synopsis of the main findings of the article for inclusion in the Table of Contents:
Structural, functional and phylogenetic analyses reveal enzyme diversity within family 117 of the glycoside hydrolases which remove terminal alpha-1,3-linked 3,6-anhydro-L-galactose from neoagarooligosaccharides produced by -agarases. A product complex with the unique β-3,6-anhydro-L-galactose provides strong crystallographic evidence for an inverting mechanism in this family of enzymes. 
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